Wild type cells of the green alga Chlamydomonas reinhardtii can grow in the dark by taking up and respiring exogenously supplied acetate. Obligate photoautotrophic (dark dier, dk) mutants of this alga have been selected which grow at near wild type rates in the light, but rapidly die when transferred to darkness because of defects in mitochondrial structure and function. In crosses of the dk mutants to wild type, the majority of the mutants are inherited in a mendelian fashion, although two have been isolated which are inherited in a clearly nonmendelian fashion. Nine mendelian dk mutants have been analyzed in detail, and belong to eight different complementation groups representing eight gene loci. These mutants have been tentatively grouped into three classes on the basis of the pleiotropic nature of their phenotypic defects. Mutants in Class I have gross alterations in the ultrastructure of their mitochondrial inner membranes together with deficiencies in cytochrome oxidase and antimycin/rotenone-sensitive NADH-cytochrome c reductase activities. Mutants in Class II have a variety of less severe alterations in mitochondrial ultrastructure and deficiencies in cytochrome oxidase activity. Mutants in Class III have normal or near normal mitochondrial ultrastructure and reduced cytochrome oxidase activity. Eight of the nine mutants show corresponding reductions in cyanide-sensitive respiration.
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The biogenesis of mitochondria requires the input of genetic information from at least two genomes, one residing in the nucleus and the other in the mitochondrion itself (26) . Mitochondrial genomes of higher animals, including mammals, are small (about 5 p.m in length, kinetic complexity of 107 daltons), while the mitochondrial genomes of fungi such as Saccharomyces cerevisiae (baker's yeast) and Neurospora crassa, and of higher plants are considerably larger and have proportionally more informational content (cf. 2, 5) .
The limited coding capacity of mitochondrial DNA, especially in mammals, suggests that the mitochondrial genome specifies relatively few mitochondrial proteins and that the nuclear genome must therefore code for a majority of the proteins of this organelle. A number of mendelian (nuclear) mutations affecting mitochondrial function have been characterized in yeast and Neurospora (summarized in reference 4). Examples include nuclear mutations affecting cytochrome c (43, 44) , cytochrome oxidase (13, 48) , mitochondrial ATPase (14, 48) , malate dehydrogenase (33) , aconitase (35) , ADP translocation (25, 46) , and cyanide-insensitive respiration (15, 16) . In addition, nuclear gene products may include mitochondrial peptide chain elongation factors (37) , DNA-dependent RNA polymerase (51) , and 56 THE JOURNAL OF CELL BIOLOGY 9 VOLUME 73, 1977 9 pages 56-77 DNA polymerase (52) . Recently, mitochondrial point mutations affecting cytochrome oxidase, cytochrome b, and the FI ATPase have also been isolated in yeast (cf. 39) .
Wild type cells of the unicellular green alga
Chlamydomonas reinhardtii can grow either phototrophically by photosynthetically fixing CO2 as their sole carbon source or heterotrophically by metabolizing exogenously supplied acetate. This alga has a mitochondrial genome of about the same size and informational content as mammalian mitochondrial DNA (38) and a chloroplast genome with an informational content at least ten times as large (3, 50) . In this report we discuss the isolation of a large number of obligate photoautotrophic (dark dier or dk) mutations in Chlamydomonas which are deficient in key mitochondrial functions. Such mutants can grow only under photoautotrophic conditions (light + CO2) and rapidly die when transferred to heterotrophic conditions (darkness + acetate). The majority of these dk mutations are inherited in a mendelian fashion in crosses to wild type. Two dk mutations inherited in a clearly nonmendelian fashion are the subject of a separate report (53) . In this paper, nine selected mendelian dk mutants, representing eight nuclear gene loci, are shown to possess defects in mitochondrial structure and/or respiratory function. Even though each mutant is able to assimilate exogenous acetate, most possess significantly reduced rates of cyanide-sensitive respiration and little or no cytochrome oxidase activity, and some have altered mitochondrial ultrastructure. In addition, three of the dk mutants have pleiotropic mitochondriai inner membrane defects accompanied by the reduction of both rotenone-and antimycinsensitive NADH-cytochrome c reductase activities as well as cytochrome oxidase activity. These respiratory defects presumably result in the inability of the dk mutants to grow heterotrophically. 
MATERIALS AND METHODS

Culture Conditions
Wild type stocks of both mating types from strain 137c
of Chlamydomonas reinhardtii were used to derive dk mutants. Cells were grown in 300-ml shake cultures at 25"C in high salt (HS) medium (47) 
Genetic Analysis
Standard techniques for crossing, tetrad analysis, and diploid formation were used (11, 18, 28) . Gametes were differentiated overnight on N-agar medium in the light (HS without NH4CI). Zygotes were matured in the light on N-plates containing 4% agar and germination was induced by returning them to HS plates containing NH4CI. x This method gave a large increase in zygote viability for crosses involving dk mutants, compared to the usual dark maturation technique (28) . AUelism was scored in pairwise crosses between dk mutants by determining the frequency of zygote clones which contained wild type recombinants. For several pairs of dk mutants, spontaneous diploids were selected by plating mating mixtures under restrictive conditions (HSA in the dark) in a fashion analogous to the methods of Harris et al. (19) and Wang et al. (49) . Under these conditions, complementing diploids form colonies in 1-2 wk because they are able to grow in the dark on acetate, while dk gametes are unable to grow, and zygotes do not germinate.
[ ~4C ]Acetate Assimilation
[~4C]Acetate assimilation was measured essentially by the method of Alexander et al. (1) except that triplicate Whatman no. 3 filters were spotted, soaked in 10% ice cold TCA for 3 min, then in three changes of 5% icecold TCA for 10 min. Filters were air dried and counted in a toluene scintillation fluid containing 4 g/l 2,5-diphenyloxazole (Packard Instrument Co., Inc., Downers Grove, I11.) and 0.1 g/1 1,4-bis[2-(5-phenyloxazolyl)]-benzene (Packard Instrument Co., Inc.).
Whole Cell Respiration
The total and cyanide-sensitive respiration rates of whole cells were measured according to Alexander et al.
(1).
I K. Van Winkle-Swift, personal communication.
Enzyme Assays
Mitochondrial enzyme activities were assayed spectrophotometrically on whole cell homogenates, using either a Zeiss DMR 21 split beam spectrophotometer (Carl Zeiss, West Germany) or an Aminco DW-2 spectrophotometer in the split beam mode (American Instrument Co., Silver Spring, Md.). Enzyme activities were determined at room temperature in crude cell homogenates since we were unable to isolate functional mitochondria from Chlamydornonas. Cells growing logarithmically at a density of around 1 • 10 ~ ceils/ml were collected, concentrated to a density of 1.0 x 107 cells/ml or 5.0 • 107 cells/ml by centrifugation at 12,000 g for 10 rain at 4"C, resuspended in 0.03 M phosphate buffer, pH 7.4, plus 0.1% bovine serum albumin (BSA), and broken twice in a French press (American Instrument Company, Silver Spring, Md.) at 5,000 pounds per square inch. Isocitrate lyase activity (EC 4.1.3.1) was determined by the method of M~iller et al. (32) . The millimolar extinction coefficient of glyoxylate phenylhydrazone at 324 nm was determined empirically to be 16.6.
The homogenates for assays of cytochrome oxidase (EC 1.9.3.1) were prepared in 0.03 M phosphate buffer, pH 7.4, plus 0.1% BSA. Cytochrome oxidase was assayed according to the method of Cooperstein and Lazarow (9) modified by the addition of 1% (final concentration) Triton X-100 (32) . Under conditions where substrate was not limiting, the change in absorbance at 550 nm was not linear with time (45) . Thus, all activity measurements were calculated from the change in absorbance during the first minute. Cytochrome oxidase activity measured in this fashion was completely inhibited by 1 mM cyanide. Specific activity was calculated using the miUimolar extinction coefficient of 19.6 of Yonetani (54) . Antimycin-and rotenone-sensitive NADH-cytochrome c reductase (EC 1.6.2.1) activities were assayed by the method of Hatefi and Rieske (20) . A medium containing 0.05 M Tris, pH 8.0, 0.67 M sucrose, and 1.0 mM histidine (20) was found to be essential to preserve the activity of NADH-cytochrome c reductase. Antimycin-sensitive activity was measured by the addition to the reaction mixture (3 ml final volume) of 0.1 ml antimycin solution to give a final concentration of 600 nM antimycin. The antimycin solution was made from a stock solution (10 mg/ml in ethanol) which was diluted to a concentration of 10 /zg/ml antimycin in an aqueous solution containing 0.1 M PO4, pH 8.0, and 0.1% BSA (20) . Rotenone-sensitive activity was determined by the addition to the reaction mixture (3 ml final volume) of 0.1 ml rotenone solution to give a final concentration of 850 nM rotenone. The rotenone solution was made by diluting a stock solution (10 mg/ml in ethanol) 1:100 in water. 0.1 ml of a 0.1% ethanol solution was added to the reaction mixture as a control to determine the effect, if any, of the small amount of ethanol present in the antimycin or rotenone solutions on the enzyme activity. Antimycin and rotenone were pur-58 THE JOURNAL OF CELL BIOLOGY" VOLUME 73, 1977 chased from Sigma Chemical Co. (St. Louis, Mo.). For protein determinations, homogenates were routinely treated with 80% acetone in water for 20 min to remove chlorophylls, centrifuged, and the pellet was assayed for total protein by the method of Lowry et al. (29) .
Electron Microscopy
Samples were prepared for electron microscopy according to Harris et al. (19) , except that the fixation buffer contained HS instead of HSA growth medium.
Diaminobenzidine (DAB) was used as a histochemical stain for cytochrome oxidase (24, 42) . After samples of each mutant were fixed with glutaraldehyde and washed with phosphate buffer according to the methods of Harris et al. (19) , they were resuspended in 4.5 ml of phosphate buffer, 0.1 M, pH 7.4, and 4.5 ml of culture medium, and treated with the following reagents at room temperature for 15 min: DAB, 5 mg (Sigma Chemical Co.), catalase, 1 ml of 20/zg/ml (Worthington Biochemicals Corp., Freehold, N. J.), and H202, 0.03 ml of a 30% solution. The samples were then processed as previously described (8, 19) except that staining with uranyl acetate and lead citrate was omitted. The DAB staining reaction was completely inhibited in all samples which showed activity by a 10-rain pretreatment of the cells with 10 mM cyanide. The staining of mitochondrial cristae by DAB, expressed as the distance of stained cristae per mitochondrial profile or per mitochondrial area, was quantitated on a Hewlett-Packard Model 20 (Hewlett-Packard Co., Palo Alto, Calif.) equipped with a Hewlett-Packard digitizer. Between 29 and 119 mitochondrial profiles per genotype representing between 2.4 and 7.8 p.m 2 mitochondrial area were measured on electron micrographs at a magnification of 60,000.
RESULTS
Induction and Selection of dk Mutants
Phototrophically grown wild type cells of Chlamydomonas were mutagenized with N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) and stable dk mutants were isolated according to the protocol outlined in Fig. 1 . Those dk mutants which die in the dark because they are impermeable to acetate or lack the glyoxylate cycle enzymes necessary for acetate assimilation are readily detected by their lack of sensitivity to fluoroacetate, an acetate analogue and Krebs cycle inhibitor (7, 31 (53) . Two of the dk mutants analyzed were clearly nonmendelian and will be discussed in detail elsewhere (53) . 
Genetic Analysis of Mendelian Mutants
Electron microscope studies:
Investigate whole cell and mitochondrial ultrastructure and test for an active cytochrome oxidase by using diaminobenzidine histochemical stain.
Protocol for the selection and analysis of obligate photoautotrophic (dark dier: dk) mutants. in liquid to a density of around 1 • 10 ~ cells/ml.
Additional genetic studies:
Do backcrosses and investigate somatic segregation during vegetative growth.
Additional biochemical and electron microscope studies:
None were done as the mutants were found to be unstable.
further study because they were extremely stable and, in preliminary crosses to wild type, had shown clear-cut mendelian inheritance. Additional crosses to wild type, allele testing, and complementation analysis were performed with each of these nine mendelian dk mutants. When these mutants are crossed to wild type, the dk phenotype in all or a large majority of the tetrads segregates in a mendelian fashion, as does a second mendelian marker, mating type (Table II) . The occasional dk § progeny recovered in crosses of these mutants as well as in crosses of the wild type controls result in part because there are a few dk § cells in the wild type stock and in part because of the variable expression of the dk phenotype in occasional dk progeny (53) . Wild type (dk § -) cells were pregrown phototrophically in liquid to a density of I x 10 e cells/mi, and treated with 5 /zg/ml nitrosoguanidine (MNNG) for 15 min at 250C, pH 5.5. Fluoroacetate sensitivity was measured by plating suspension of cells on HS agar medium containing 10 mM fluoroacetate which is 10 x the concentration that kills wild type. The pattern of segregation ofdk mutants was determined by analyzing 6-8 tetrads from each mutant crossed to wild type.
To ascertain whether any of the nine mendelian dk mutants were allelic, we determined the frequency of recombinant zygote clones from crosses of dk mutants taken in pairwise combination (Table III). Each zygote clone which contained at least one wild type recombinant among the four meiotic products was scored as a recombinant clone, regardless of whether the parental genotypes were also present (as in recombinant clones arising from tetratype tetrads). Thus, the frequency of recombination could exceed 50% and in some cases approached 70%. Although these frequencies do not represent classical map distances, mutants with a frequency of recombinant clones between 50 and 70% are either unlinked or very distantly linked, whereas mutants with a frequency below 1-2% are tightly linked or allelic. The results presented in Table III In order to test whether these mutants at eight different gene loci affect the same or different functions, we constructed a complementation matrix by genetically synthesizing diploids containing pairwise combinations ofdk mutants, using a standard selection technique employing two tightly linked arginine auxotrophs (11) . Those diploids containing two complementing dk mutations were detected by their restored wild type function, scored as the ability to grow heterotrophically. In addition, each mutant was tested for dominance by synthesizing diploids containing only one dk mutation and its wild type allele. The results of this analysis indicate that, with the exception of WISE~N ~'r AL. Nuclear Mutations Affecting Mitochondria in Chlamydomonasdk-32 and dk-34 which did not complement and are allelic, the dk mutants all complement one another (Table IV) . Thus, the nine mendelian dk mutants can be placed into eight complementation groups. In addition, these data demonstrate that each dk mutation is recessive to its wild type allele. Several pairwise combinations of dk mutants, noted in Table IV by an asterisk, did not yield any diploids when the arginine auxotroph selection technique was used, although spontaneous complementing diploids were produced by plating mating mixtures directly into the dark on HSA medium. In this manner, complementing diploids can be selected directly because of their restored wild type function. Neither dk gametes nor zygotes can grow in the dark and thus do not develop colonies. These genetic experiments indicate that the nine mendelian dk mutations map in eight different loci, all of which are functionally distinct from one another.
To understand the nature of the genetic defects which cause each mutant to be an obligate photoautotroph, we have focused our biochemical and ultrastructural analysis on several key parameters of mitochondrial structure and function. The results of these diagnostic tests, outlined in the following sections, reveal the pleiotropic alterations in each individual mutant (see Table VIII) , and allow us, as detailed in the Discussion, to group them according to three general phenotypic classes.
Because obligate photoautotrophy could be the result of defects in acetate metabolism, we verified that each of the nine mendelian dk mutants could Mendelian dk mutants were crossed in pairwise combinations and -500 of the resulting zygote clones were scored for the percent of zygote colonies containing wild type recombinants. Those combinations producing >1-2% recombinants are probably nonallelic and those producing -50% or more are probably distantly linked or unlinked. Although mating and germination were not strictly monitored, in most crosses they appeared normal. * Crosses with very low or no mating or zygote germination. In some cases, when crosses producing few or no viable zygotes were repeated using other clones of the same mutants, the viability was high enough to yield tentative results, although the results obtained from these crosses suggest a variation in zygote viability depending on the pair of subclones used in the cross.
Wild type is symbolized by dk § Diploids were constructed between dk mutants or a dk mutant and wild type in pairwise combinations using two tightly linked arginine auxotrophs (arg-2 and arg-7) (as detailed in Materials and Methods) and the resulting diploids were tested for complementation. The ability of a particular diploid to grow beterotrophically was considered a positive indication of complementation between the two dk mutants from which it was constructed. Diploids produced by this method were confirmed by extensive mating type testing which showed them to be mr-, the mating type of diploid Chlamydomonas (11) . * Crosses which did not produce any diploids by this technique. The data reported for these combinations were obtained by plating mating mixtures of crosses between dk mutants directly into the dark on HSA media. Those colonies which arise must be complementing diploids, because under these growth conditions gametes do not grow and zygotes do not germinate. Those colonies that did arise were confirmed to be dipioids by extensive mating type testing which revealed that all were mr-.
Wild (Table V) . In addition, one mutant, dk-148, incorporates acetate at a much higher rate than wild type. The activity of isocitrate lyase, one of two key enzymes of the glyoxylate cycle involved in acetate assimilation, was measured in the nine mendelian dk mutants and wild type (Table V) . Isocitrate lyase activity is not detectable in w;.ld type cells grown phototrophicaUy, but is induced by exogenous acetate. Thus, isocitrate lyase activity was measured in the mutants after growth in the light in the presence of acetate for 3 days to insure that the enzyme was fully induced. While none of the mutants had activities that were lower than wild type, two of them, dk-34 and dk-52, had activities significantly higher than wild type (Table V) . The apparent difference in isocitrate lyase activity between the ailelic mutants dk-32 and dk-34 is not statistically significant because of the small sample sizes. The fourfold increase observed for dk-52 in comparison to wild type may be a response to its reduced rate of acetate incorporation. On the other hand, dk-97, which had similarly low rates of acetate incorporation, had normal levels of isocitrate lyase activity. Thus, all of the mutants are permeable to acetate and can assimilate it into cell metabolites, although four of them do so at reduced rates.
The respiratory chain in Chlamydomonas is a composite of the classical cyanide-sensitive pathway and a second pathway which branches from the main respiratory chain and is insensitive to cyanide and sensitive to salicylhydroxamic acid (SHAM) (22, 23) . To assess mitochondrial respiratory function in the nine mendelian dk mutants, we measured cyanide-sensitive and total respiration in phototrophically grown cells utilizing endogenous substrates. The reduced rates of respiration measured in the mutants during the course of 15 min of darkness were presumed to reflect defects in each mutant's respiratory chain rather than secondary effects due to senescence induced by the short exposure to darkness. During the growth of a culture of wild type cells, both the total respiration rate and the cyanide-sensitive rate change in a characteristic and repeatable fashion as the cells increase in number from early log phase (105 eells/ml) through stationary phase (107 cells/ml) (Fig. 2) . Furthermore, the relative proportion of the total rate that is cyanide-sensitive shifts from about 50% during log phase to about 20% at stationary phase.
Because the observed rates of respiraton depend on the growth stage, comparisons between the mutants and wild type could best be made by measuring respiration at various times in a growing culture (Fig. 2) . Four of the mutants, dk-80, dk-97, dk-llO, and dk-148, have very low cyanide-sensitive respiration rates over most of the growth curve. Concurrent with this, the total respiration rate in each of these mutants is also low. The mutants dk-32, dk-34, dk-76, and dk-105 have intermediate levels of cyanide-sensitive respiration, while that of dk-52 is similar to wild type.
The total respiratory rate of wild type and five dk mutants is inhibited -15% by 1 mM SHAM, while the respiratory rate of the remaining four mutants, dk-32, dk-34, dk-97, and dk-llO, is inhibited ~50%. The total respiratory rate of wild type and each mutant is inhibited 60-70% by 1 mM SHAM plus 1 mM cyanide. Although the concentration of SHAM used does not completely inhibit the remaining cyanide-insensitive respiration, the rates of cyanide-insensitive respiration in the mutants appear to be similar to that of wild type. Thus, each mutant is thought to possess a functional cyanide-insensitive pathway. Except for dk-148, the reduction in total respiration rate in each mutant is largely due to the reduction in cyanide-sensitive respiration. For these mutants, the level of respiratory substrates is probably not greatly reduced, but rather one or more components of the cyanide-sensitive branch of the respiratory chain are not functioning normally. The reduction in both cyanide-sensitive and total respiration rates observed in dk-148 could be due to either reduced levels of respiratory substrates or a defect which affects both branches of the respiratory chain. Although none of the mutants will grow in darkness, Fig. 2 demonstrates that each mutant grows at near wild type rates in the light under strictly photosynthetic conditions.
In agreement with the respiration data (Fig. 2) , cyanide-sensitive cytochrome oxidase activity is reduced or absent in each dk mutant when assayed in whole cell homogenates (Table VI) . Concurrent with the assays of cytochrome oxidase activity in vitro, the histochemical stain DAB was employed to assess the activity of this enzyme in situ. DAB reacts with cytochrome oxidase (42) in glutaraldehyde-fixed cells in the presence of catalase, and a polymerized oxidation product of DAB is precipitated along the surfaces of the mitochondrial cristae as electron-dense deposits. In addition, DAB reacts with other intermediates involved in cellular oxidation-reduction reactions, resulting in electron-dense deposits on the outer mitochondrial membrane and on the chloroplast lamellae in Chlamydomonas. However, only the reaction with cytochrome oxidase is specifically inhibited by cyanide. Mitochondria from phototrophically grown wild type cells treated with DAB but not contrasted with uranyl acetate and lead citrate are seen in Fig. 3 a and b . The mitochondrial cristae "stain" intensely with DAB, whereas cells pretreated with cyanide before the DAB reaction The growth curve ( 9 is expressed as the cell density in cells per milliliter at various times. These curves demonstrate that both the total and cyanide-sensitive rates of respiration can change during the growth of a culture and that the cyanide-sensitive respiration of many of the mutants is much lower than wild type during log growth. Cells were pregrown under phototrophic conditions to a cell density of around 1 x 10 e cells/ml. The antimycin-and rotenone-sensitive activities were calculated as the difference between the activities in the presence of the inhibitor and the total activity. Differences noted in activities between the mutants and wild type were analyzed by t-tests and the results denote the probabilities that the differences are due to chance. * P < 0.01.
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The data are presented as the mean and standard deviation of three to five measurements.
have mitochondria with clearly distinguishable but "unstained" cristae ( Fig. 3 e and/' ). The levels of DAB staining of mitochondrial cristae are greatly reduced in six mutants with low cytochrome oxidase activity measured in vitro (Table VII) , as can be seen for dk-32 and dk-80 in Fig. 3b and f, respectively. Certain of these mutants, e.g. dk-80 (Fig. 3f) and dk-97, do retain low levels of the DAB reaction which is confined to several heavily stained cristae among many unstained cristae. Apparently, in these mutants, the functional cytochrome oxidase molecules giving the low levels of activity detected in enzyme assays of cell homogenates are clustered in certain cristae rather than being dispersed at a low density over all of the cristae of the mitochondrion. Two of the mutants, dk-105 and dk-148, with moderately reduced levels of cytochrome oxidase activity in vitro appear to have wild type levels of DAB staining (Table VII) which is totally inhibited by cyanide ( Fig. 3d and h ). While the cytochrome oxidase activity ofdk-110 as measured by DAB staining is nearly 40% of the wild type level (Table  VII) , < 5% of the wild type cytochrome oxidase activity is measured in cell homogenates (Table  VI) . This may mean that while the DAB-binding site of the enzyme is relatively unaltered, the ability of the enzyme to catalyze the oxidation of cytochrome c in vitro is greatly reduced.
In order to evaluate possible pleiotropic lesions affecting the mitochondrial respiratory chain in each of the mutants, we determined the activity of a second portion of the pathway, antimycin-and rotenone-sensitive NADH-cytochrome c reductase. NADH-cytochrome c reductase is a composite activity comprising the entire respiratory chain from the NADH dehydrogenase to cytochrome c (20) . A similar activity, localized on the outer mitochondrial membrane, also utilizes NADH to reduce cytochrome c, but is not sensitive to the respiratory inhibitors antimycin or rotenone (17) . Because antimycin inhibits the respiratory chain between cytochromes b and c whereas rotenone inhibits between NADH dehydrogenase and cytochrome b, two distinct respiratory chain enzyme activities can be examined. In three of the nine mutants, dk-32, dk-34, and dk-76, both the antimycin-and rotenone-sensitive NADH-cytochrome c reductase activities are significantly lower than wild type (Table VI) .
Whole Cell and Mitochondrial
Ultrastructure
Characterization of cell and mitochondrial ul- trastructure in each dk mutant permits comparisons of structural alterations in the mitochondria with the observed reductions in cyanide-sensitive respiration, cytochrome oxidase, and antimycinor rotenone-sensitive NADH-cytochrome c reductase noted for many of the dk mutants. Phototrophically grown wild type Chlamydomonas reinhardtii (Fig. 4a) has a single large cup-shaped chloroplast which surrounds the central nucleus and nucleolus. On the average, 10 elongate mitochondrial profiles per median section are seen dispersed throughout the cytoplasm. The chloroplast comprises around 40% of the total cell area as seen in the median section, while the mitochondria comprise only 1-2% of the total area (6).
Wild type mitochondria, shown in Fig. 4 b, possess a well-defined double envelope and have a moderate number of fingerlike cristae which project into a rather dark and uniformly staining mitochondrial matrix. The whole cell and mitochondrial ultrastructure ofdk-llO ( Fig. 4c and d) , dk-76, dk-97 ( Fig. 6c  and d) , and dk-105 are very similar if not identical to wild type despite the fact that each mutant has reduced cyanide-sensitive respiration and cytochrome oxidase activity. The mitochondrial ultrastructure of dk-32 and dk-34, mutants with reduced cyanide-sensitive respiration, cytochrome oxidase, and NADH-cytochrome c reductase activities, is grossly abnormal (Fig. 5 a--d) . While the outer mitochondrial membrane of each of these two mutants appears normal, typical cristae are completely absent and are replaced by swollen pockets, sheets, threads, and whorls of inner membrane material. In addition, the matrix does not stain uniformly and matrix material is precipitated adjacent to the abnormal inner membrane. The ultrastructure of the remainder of the cell appears normal despite these extreme mitochondrial defects.
The respiratory deficient mutants, dk-52, dk-80, and dk-148 all have reduced cytochrome oxidase activity and various alterations in mitochondrial ultrastructure, while their NADH-cytochrome c reductase activities are normal. Cells of dk-80 ( Fig. 6a and b) contain mitochondria with cristae which appear rounded or "swollen" and not well defined, and the matrix material ofdk-80 appears to be precipitated along the cristae surfaces. In addition, these cells contain one or more long, swollen endoplasmic reticula or vacuoles located in the cytoplasm around the periphery of the chloroplast (Fig. 6a) . The presence of such swollen endoplasmic reticula or vacuoles is not understood but may be a secondary pleiotropic effect of the defects in mitochondrial structure and function. In dk-148, the mitochondrial matrix material is also precipitated along the surfaces of the cristae, although the morphology of the cristae appears to be normal. In dk-52, the mitochondrial outer membrane and the chloroplast and nuclear envelopes consistently stain less intensely than those of wild type, although the ultrastructure of all organeiles appears normal.
DISCUSSION
Obligate photoautotrophy is a common feature of many species of algae (10) and probably results from an impermeability to exogenous carbon sources, because of the lack of specific permeases, or an inability to assimilate them, on account of the absence of key enzymes (34) . On the other hand, nine mendelian obligate photoautotrophic (dk) mutants in Chlamydomonas reinhardtii are capable of assimilating acetate into TCA-insoluble material at 50% or more of the wild type rate, and each possesses wild type or slightly elevated levels of the glyoxylate cycle enzyme, isocitrate lyase. 
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Because each mutant grows at near wild type rates in the light, a reduction in the activity of the Krebs cycle, the major source of respiratory substrates, seems unlikely. Because of the central role of the Krebs cycle in intermediary metabolism, any significant reduction in its activity should affect not only cyanide-sensitive respiration and acetate assimilation, but phototrophic growth rates as well. Each mutant appears to have a normal cyanideinsensitive pathway, based on the sensitivity of its respiration to SHAM alone or in combination with cyanide. The cyanide-insensitive pathway in dk mutants with significantly reduced cyanide-sensitive respiration may provide the essential function of oxidizing respiratory substrates, especially NADH produced via the Krebs cycle. In the absence of the cyanide-insensitive pathway, mutants with defective respiratory chains and significantly reduced respiration rates might be lethal because oxidized respiratory substrates which could accept electrons from Krebs cycle intermediates would rapidly become depleted.
To place the nine mendelian dk mutants in perspective with wild type and with one another, we have summarized in Table VIII all of the basic biochemical and uitrastructural findings of the investigation reported here. This summary demonstrates that dk-32 and dk-34 are biochemically and ultrastructurally similar and supports the conclusion, based on genetic evidence, that these two This investigation demonstrates that eight of nine mendelian dk mutants have diminished cytochrome oxidase activity, and three of these also have reduced antimycin-or rotenone-sensitive NADH-cytochrome c reductase activity.
Seven of the eight dk mutants with low levels of cytochrome oxidase activity both in vitro and in situ also have greatly reduced cyanide-sensitive respiration rates. These findings suggest that in many of the mutants the reduced respiratory activity results from defective respiratory chains incapable of oxidizing respiratory substrates at normal rates. In addition, four mutants possess defects in mitochondrial ultrastructure including grossly disorganized mitochondrial cristae and/or the precipitation of matrix material along the surfaces of the cristae.
These observations suggest that the primary genetic lesion in many of the dk mutants is not in a gene coding for specific cytochrome oxidase peptides but rather in a gene that indirectly reduces cytochrome oxidase activity either by limiting its capacity to integrate functionally into the mitochondrial membrane or by altering the machinery observations. The symbol +, indicates >75 % of wild type levels of activity, the symbol -+, -25-75% of wild type levels of activity, and the symbol -, <25 % of wild type levels of activity.
